Cell adhesion and spreading are regulated by complex interactions involving the cytoskeleton and extracellular matrix proteins. We examined the interaction of the intermediate filament protein vimentin with the actin cross-linking protein filamin A in regulation of spreading in HEK-293 and 3T3 cells. Filamin A and vimentin-expressing cells were well spread on collagen and exhibited numerous cell extensions enriched with filamin A and vimentin. By contrast, cells treated with small interfering RNA (siRNA) to knock down filamin A or vimentin were poorly spread; both of these cell populations exhibited Ͼ50% reductions of cell adhesion, cell surface ␤1 integrin expression, and ␤1 integrin activation. Knockdown of filamin A reduced vimentin phosphorylation and blocked recruitment of vimentin to cell extensions, whereas knockdown of filamin and/or vimentin inhibited the formation of cell extensions. Reduced vimentin phosphorylation, cell spreading, and ␤1 integrin surface expression, and activation were phenocopied in cells treated with the protein kinase C inhibitor bisindolylmaleimide; cell spreading was also reduced by siRNA knockdown of protein kinase C-ε. By immunoprecipitation of cell lysates and by pull-down assays using purified proteins, we found an association between filamin A and vimentin. Filamin A also associated with protein kinase C-ε, which was enriched in cell extensions. These data indicate that filamin A associates with vimentin and to protein kinase C-ε, thereby enabling vimentin phosphorylation, which is important for ␤1 integrin activation and cell spreading on collagen.
THE ADHESION AND SPREADING of fibroblasts are critical for development, tissue remodelling, and wound healing. Cell spreading is characterized by the formation of cell membrane protrusions, which include filopodia and lamellipodia (1, 29, 37, 44) . The formation of protrusions in cells spreading on extracellular matrix proteins like collagen and fibronectin is governed by complex cell-matrix signaling pathways involving ␤1 integrins, small GTPases, and actin-binding proteins, which mediate remodelling of the actin cytoskeleton (47, 59, 79) . Whereas the actin cytoskeleton is known to be crucially involved in cell adhesion and spreading (63, 72) , the intermediate filament cytoskeleton, and in particular vimentin, may also play an important role in adhesion and spreading (20, 23, 30, 31, 70) . From the colocalization of the actin and vimentin cytoskeletons at the leading edge of spreading cells (16) , the two systems may be functionally coordinated during adhesion and spreading. However, the mechanics by which the two cytoskeletal systems may interact to regulate cell spreading are not defined.
Several proteins bind both actin filaments and intermediate filaments and may therefore functionally integrate the two cytoskeletal systems. Candidate proteins include plectin (62, 68) , BPAG1 (76) , fimbrin (16) , and filamin A (8) . Filamin A is an actin cross-linking protein that promotes gelation, membrane stability, adhesion, and motility (7, 22, 25, 58, 66) . Filamin A is also well-positioned to regulate cell-matrix interactions because of its actin-binding and ␤1 integrin-regulating properties (48, 58, 66) . Filamin A is enriched in focal adhesions (9, 17, 25) and impacts cell adhesion by controlling the cell surface expression (51) and activation (41) of ␤1 integrins.
Vimentin shares several functional features in common with filamin A, including regulation of cell adhesion and motility (20, 49, 53, 70, 74) , enrichment in ␤1 integrin-containing focal adhesions (43) , and mechanical stabilization of cells (20) . Furthermore, the expression of filamin A and vimentin is increased simultaneously during shear stress in osteoblasts (34) , suggesting that both of these proteins contribute to mechanoprotection. Like filamin A, several functions of vimentin are regulated by phosphorylation (15, 21, 33, 64) . Specifically, the phosphorylation of vimentin by protein kinase C (PKC) is required for the recycling of ␤1 integrins to the plasma membrane and for cell migration (23, 31) . Notably, filamin A binds PKC (22, 25, 69) , which mediates vimentin phosphorylation (2, 33, 55, 77) .
We demonstrate here that filamin A and vimentin coregulate the activation and cell surface expression of ␤1 integrin during cell spreading in fibroblasts. PKC-mediated phosphorylation of vimentin is involved in ␤1 integrin activation and cell spreading, and this phosphorylation is dependent on filamin A, which binds directly to vimentin.
MATERIALS AND METHODS
Reagents. Antibodies against human filamin A (PM6/317), vimentin (3B4 and polyclonal), vinculin (FB11), cortactin (4F11), paxillin (349), PKC (M110), GAPDH (6C5), ␤1 integrin (12G10), Rac (polyclonal), and Cdc42 (polyclonal) were purchased from Chemicon (Temecula, CA). Antibodies against phospho-vimentin (serines-6, -33, and -50) were obtained from Stressgen (Victoria, BC, Canada). Antibodies against mouse filamin A (PM6/317), collagen (polyclonal), PKC-ε (polyclonal), phospho-PKC-ε (serine-729), and phospho-vimentin (serine 38) were purchased from Abcam (Cambridge, MA). Alexa 488-phalloidin was obtained from Molecular Probes (Eugene, OR). 4,6-diamidino-2-phenylindole (DAPI) was purchased from Roche (Mannheim, Germany). Bovine dermal collagen monomers (pepsin-digested, 95% type I collagen) were purchased from Inamed (Fremont, CA). Purified recombinant GST-tagged human vimentin protein (expressed in Eschericia coli cells) was obtained from Thermo Fisher Scientific (Fremont, CA). Purified glutathione-S transferase (GST) and FLAG proteins were purchased from Abcam (Cambridge, MA) and Sigma (Oakville, ON, Canada), respectively. Glutathione beads were obtained from GE Healthcare (Piscataway, NJ). Anti-FLAG-coated beads were purchased from Sigma (Oakville, ON, Canada). Magnetite beads were obtained from Polysciences (Warrington, PA). p21-activated kinase (PAK) binding domain (PAK-PBD) beads were obtained from Cytoskeleton (Denver, CO). Bisindolylmaleimide (BIM), calphostin C, and bryostatin were purchased from Calbiochem (San Diego, CA).
Cell culture. Two different types of readily transfectable fibroblasts were studied to facilitate determination of the impact of cytoskeletal proteins on cell spreading. Human kidney (HEK-293) cells were cultured in DMEM (GIBCO) containing 10% fetal bovine serum and an antibiotic solution (0.17% wt/vol penicillin V, 0.01 g/ml amphotericin B, and 0.1% gentamycin sulfate). Mouse 3T3 cells were cultured in DMEM containing 10% calf serum and antibiotics. Cell culture dishes were precoated with fibrillar bovine type I collagen.
Immunoprecipitation. HEK cells were allowed to spread on smooth collagen-coated surfaces for 30 min and lysed with RIPA buffer. After being precleared with normal mouse serum, filamin A and associated proteins were immunoprecipitated using antibody to filamin A bound to agarose beads (ImmunoPure G, Pierce, Rockford, IL). All immunoprecipitation experiments employed controls using normal mouse serum. Immunoprecipitated proteins were separated by SDS-PAGE and immunoblotted with antibodies against vimentin, Rac, Cdc42, phospho-vimentin, PKC, or phospho-PKC-ε.
Isotope-coded affinity tag analysis. Proteins associated with filamin A during cell spreading were identified with isotope-coded affinity tag (ICAT) analysis (Applied Biosystems; Foster City, CA). Filamin A immunoprecipitates (100 g) were obtained from suspended and spreading human embryonic kidney (HEK) cells. The immunoprecipitates were denatured, reduced, labeled with either light or heavy (ϩ9 Da) ICAT biotin-coupled reagents, combined, digested with trypsin, fractionated by cationic exchange, purified with avidin columns, cleaved, and analyzed by HPLC and tandem mass spectrometry. With the use of discriminant analysis (with positive protein identification set at Ͼ99%) and protein scores of 2.0 or greater, six different novel proteins from the two analyses were identified as being differentially expressed under the two experimentally different conditions.
Small interfering RNA knockdown. HEK-293 cells were treated by RNA silencing of filamin A. Briefly, a filamin A-specific short-hairpin RNA (shRNA) was constructed from two inverted 21-base sequences (5Ј-GGGCTGACAACAGTGTGGTGC-3Ј) of the filamin-A cDNA and incorporated into a plasmid with the U6 promoter for shRNA expression and the pPUR vector for puromycin resistance (50) . For filamin A-knockdown cells, 1 g/ml of puromycin dihydrochloride (Sigma) was added to the culture medium. Mouse 3T3 cells stably transfected with a filamin A shRNA were from Dr. David Calderwood.
For silencing of vimentin in HEK-293 cells, three different small interfering RNAs (siRNAs, Ambion, Austin, TX) were combined and cotransfected into HEK-293 cells. The three human vimentin siRNA sequences were as follows: (5Ј-GGAGAGCAGGAUUUCUCUGtt-3Ј), (5Ј-GGCGAGGAGAGCAGGAUUUtt-3Ј), and (5-GGGAA ACUAAUCUGGAUUCtt-3Ј). For silencing of vimentin in mouse 3T3 cells, the siRNA sequences were used: (5Ј-GAGUCAAACGAGUACCGGAtt-3Ј), (5Ј-GGUUGACACCCACUCAAAAtt-3Ј), and (5Ј-GCCGAGGAAUGGUACAAGUtt-3Ј). In some experiments, the vimentin siRNAs were introduced into HEK-293 and 3T3 cells stably transfected with the filamin shRNA to produce cells deficient in both filamin and vimentin. For silencing of PKC-ε, three siRNAs bearing the following sequences were cotransfected into HEK-293 cells: (5Ј-ACCACGCAUUAAAACCAAAtt-3Ј), (5Ј-GGAAAGCAGGGAUACCAGUtt3-Ј), and (5Ј-GAGUGUAUGUGAUCAUCGAtt-3Ј).
Preparation of purified FLAG-tagged filamin A, dot-blot, and pull-down assays. FLAG-tagged filamin A was expressed using a baculovirus expression system (Invitrogen) in Sf9 insect cells and purified as previously described (52) . To examine filamin-vimentin interactions, purified vimentin was spotted onto a nitrocellulose membrane, dried, blocked with 5% milk, and incubated for 2 h with a solution of purified FLAG-tagged filamin protein (0.05 mg/ml). As a control, purified fibronectin was also spotted onto the membrane. The membrane was washed four times and immunoblotted with antibodies against FLAG and filamin. For reciprocal dot-blots, purified filamin was spotted onto nitrocellulose membranes, which were subsequently blocked with milk and incubated with a solution of purified vimentin (0.1 mg/ml). After washing was completed, membranes were immunoblotted for vimentin.
In vitro pull-down assays were used to assess direct filaminvimentin binding. Briefly, purified GST-tagged vimentin was incubated with glutathione beads (50% slurry) in the presence or absence of purified FLAG-tagged filamin A, in a binding/washing buffer (50 mM Tris ⅐ HCl, 150 mM NaCl, 0.1% Triton X-100, 0.1 mM ␤-mercaptoethanol, 0.1 mM EGTA, pH 7.4; 400 l) containing 1% BSA for 1 h at 4°C. Glutathione beads incubated with purified GST protein served as a negative control. The beads were sedimented and washed four times in ice-cold binding/washing buffer (600 l). Bead-associ- Differential expression of filamin A-associated proteins as identified by isotope-coded affinity tag (ICAT) peptide labeling. Six different proteins were predicted to be differentially expressed in suspended (peptides labeled with heavy ICAT reagent) and spreading cells (peptides labeled with light ICAT reagent), including vimentin (n/d: heavy:light ratio not determined).
ated proteins were solubilized in SDS sample buffer, separated by SDS-PAGE, and immunoblotted with antibodies against filamin and vimentin. The reciprocal procedure was accomplished by incubating purified FLAG-tagged filamin A with anti-FLAG M2 agarose (50% slurry) in the presence or absence of vimentin. Anti-FLAG-coated beads incubated with purified FLAG protein served as a negative control. Bead-associated proteins were eluted and immunoblotted as outlined above.
Immunoblotting of plasma membrane-associated proteins. We studied the relative abundance of vinculin and paxillin at the free and leading edges of cells during normal spreading. Cells were incubated on collagen-coated substrates to allow attachment and initial spreading. Magnetite beads (modal diameter ϭ 5 m) were coated with fibrillar collagen (14, 26, 42, 45) . BSA-coated beads were prepared by incubating beads with 1 ml of 3% (vol/vol) solution of BSA. Beads were added to cultures (6 beads/cell) to engage ␤1 integrins that were not collagen bound, including those ␤1 integrins involved in spreading. Cells were detached from the substrates by incubation with cytoskeletal stabilizing buffer (26) , and the beads were isolated magnetically. Proteins from beads were eluted and analyzed by Western blotting (78) using antibodies to vinculin and paxillin.
Actin monomer incorporation. The incorporation of actin monomers was assayed as previously described (11) . In permeabilized cells incubated with rhodamine actin monomers (primarily ␤-actin), increases of rhodamine fluorescence due to incorporation into nascent actin filaments were measured. Cells were permeabilized with octyl glucoside. Freshly sedimented rhodamine actin monomer was added to the samples, followed by paraformaldehyde fixation. Rhodamine fluorescence in single cells was quantified by microscope fluorimetry.
Rac and Cdc42 activation assay. Lysates of spreading control and vimentin-deficient HEK-293 cells were incubated with PAK-PBD beads to precipitate the active, GTP-bound form of Rac and Cdc42. Bead-associated proteins were subsequently eluted and immunoblotted for Rac. Western blots were then stripped and reprobed for Cdc42.
Immunohistochemistry. HEK cells were allowed to spread on collagen for 15-30 min, washed with PBS, fixed for 30 min in 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked for 1 h in 0.1% BSA. Cells were incubated with primary antibody and FITC-conjugated secondary antibody for 1 h each and counterstained with DAPI. Cell spreading was quantified on the basis of the number of cell extensions resembling filopodia and/or lamellipodia. A minimum of 50 cells were included in counts of cell extensions. Since vinculin, paxillin, and cortactin are found in filopodia and lamellipodia (54, 57) , cells were also immunostained for vinculin, paxillin, and cortactin to validate the observed cell extensions as true filopodia/lamellipodia.
Flow cytometry. To quantify ␤1 integrins present at the cell surface during the earliest phase of cell spreading, HEK cells were allowed to spread on collagen for 15 min before being harvested in ice-cold versene (GIBCO) and light fixation in ice-cold 1% paraformaldehyde. The suspended cells were then immunostained with rhodamine-conjuated anti-␤1 integrin (4B4) antibody (Beckman-Coulter, Miami, FL) and analyzed by flow cytometry (Beckman-Coulter Altra). In some experiments, active, ligand-bound ␤1 integrin was quantified by immunostaining cells with 12G10 antibody before flow cytometric analysis.
Statistical analysis. Analysis of variance and Bonferroni post-hoc multiple comparison tests were used to assess the effect of cell type/ treatment on cell spreading. Data were obtained from at least three independent experiments. Statistical significance was set at P Ͻ 0.05.
RESULTS

Filamin A associates with vimentin during cell spreading.
Filamin A is an important determinant of early events in cell spreading (41) . Isotope-coded affinity tag analysis was performed on filamin A immunoprecipitates to identify novel filamin A-binding proteins that may be involved in filamin A-dependent spreading processes. From the 21 peptides that were identified with Ͼ99% certainty, six different proteins were predicted to be differentially expressed in suspended (labeled with heavy ICAT reagent) and spreading cells (labeled with light ICAT reagent), including vimentin (Table 1) . From the previously identified roles of filamin A and vimentin in cell adhesion and migration (6, 20, 53, 70, 71), we focused subsequent investigations on the roles of filamin A and vimentin in early phases of cell spreading.
Filamin A and vimentin coregulate cell spreading. The extension of filopodia and/or lamellipodia by cells is an important indicator of early cell spreading (47, 59, 79) . We determined whether filamin A and/or vimentin were present in the earliest formed extensions of spreading cells. Immunofluorescence showed that in control HEK cells spreading on collagen, filamin A and vimentin colocalized at well-defined cell extensions (Fig. 1, A and B) . Since genuine filopodial and lamellipodial extensions contain cortactin, vinculin, and paxillin in addition to actin filaments (5, 54, 57, 73) , we confirmed the presence of these proteins in cell extensions by immunofluorescence (Fig. 1C) . To assess the individual roles of filamin A and vimentin in cell spreading, we used RNA interference to reduce filamin A and vimentin expression in HEK cells. The efficacy of the filamin A and vimentin knockdown was assessed by immunoblotting (Fig. 1D) . For evaluating the combined roles of filamin A and vimentin in cell spreading, we used siRNA for vimentin in cells stably transfected with a filamin A shRNA, thereby creating a double knockdown (Fig.  1D ). Since the initial extension of filopodia and lamellipodia generally occurs within 30 min postplating (4, 18, 60), we chose time points between 15 and 120 min to assess differences in cell spreading between control and filamin/vimentin-deficient cells. Knockdown of either filamin A or vimentin expression resulted in a significant (P Ͻ 0.05) reduction in the number of cell extensions (Fig. 1, E and F) . Concurrent knockdown of filamin A and vimentin did not result in further reductions in the number of cell extensions compared with individual knockdown of filamin A or vimentin (Fig. 1E) , suggesting that the role of vimentin in regulating cell spreading is not additive to the role of filamin A. Similar reductions in cell extension numbers were observed upon silencing of filamin A and/or vimentin in mouse 3T3 fibroblasts (Fig. 1, G and H) . Filamin A expression was successfully rescued by introducing a filamin cDNA into filamin-knockdown cells ( Fig. 2A) . Vimentin expression was naturally restored in vimentin-knockdown cells 4 days following transient siRNA transfection (Fig. 2B) . Notably, the formation of cell extensions by filamin-and vimentin-deficient HEK-293 cells was effectively rescued following the restoration of filamin or vimentin expression (Fig. 2C) .
Filamin A, but not vimentin, affects actin assembly in spreading cells. We examined the individual and combined effects of filamin A and vimentin on the generation of actin filament free barbed ends in spreading cells. Filamin A regulates the GTPase activity of Rac and Cdc42 (6, 56, 71) , which in turn control cell spreading, partly by determining the generation of free barbed ends required for actin filament assembly (67, 75) . As expected, the incorporation of rhodamine-labeled actin monomers was significantly (P Ͻ 0.05) reduced in filamin A-deficient cells. However, in vimentin knockdown cells there was no effect on the number of free barbed ends (Fig. 3A) . Interestingly, incorporation of actin monomers was nearly undetectable after concurrent knockdown of filamin A and vimentin (Fig. 3A) . These data suggest that vimentin may contribute to the generation of free barbed ends in the absence of filamin A but that vimentin does not independently regulate actin assembly.
Since filamin A has a documented role in binding and regulating the activity of Rac and Cdc42 (6, 56, 66, 71) , we examined the possibility that vimentin mediates the association between filamin A and Rac and/or Cdc42. Filamin A was immunoprecipitated from spreading control and vimentin-deficient cells, and the immunoprecipitates were immunoblotted for Rac and Cdc42. The amount of filamin A-bound Rac and Cdc42 did not differ significantly between control and vimentin-deficient cells (Fig. 3, B-D) . Moreover, levels of active, GTP-bound Rac, and Cdc42 were similar in control and vimentin-deficient cells (Fig. 3E) . Taken together, the data indicate that vimentin regulates cell spreading independently of the filamin A-small GTPase-actin assembly pathway.
Filamin A and vimentin regulate ␤1 integrin expression and activation. Since cell spreading is a ␤1 integrin-dependent process (24, 38, 59 ) and since filamin A-null cells reportedly express fewer cell surface ␤1 integrins (51), we examined the possibility that filamin A and vimentin may also coregulate cell surface ␤1 integrin expression. To assess the individual and collective effects of filamin A and vimentin knockdown on ␤1 integrin expression and activation, HEK cells were allowed to spread on collagen for 15 min to allow initial adhesion formation (79) . Cells were subsequently suspended and incubated with the 4B4 antibody to label cell surface ␤1 integrins. Active, ligand-bound ␤1 integrins were labeled with the 12G10 antibody. Flow cytometric analysis showed that cell surface ␤1 integrin was reduced ϳ50% following knockdown of filamin A and/or vimentin (Fig. 4, A and B) . This defect was rescued following reexpression of filamin or vimentin, consistent with the cell spreading data (Fig. 4, A and B) . Notably, 12G10 staining intensity was reduced fourfold following filamin A and/or vimentin knockdown (Fig. 4, C and D) . These data indicate that filamin and vimentin are important determinants of ␤1 integrin expression but are especially important for regulating ␤1 integrin activation.
We examined proteins that were associated with nascent cell adhesions. Collagen-coated magnetite beads were incubated with cells, isolated and bead-associated proteins were immunoblotted (25, 26, 78) . Bead counts and the abundance of collagen were used as loading controls to adjust for variations of the number of attached beads in different cell preparations. There was more bead-associated vinculin and paxillin in control cells than filamin A-or vimentin-deficient cells (Fig. 4E) , indicating that filamin A and vimentin are both required to generate stable adhesions. Collectively, these data indicate that filamin A and vimentin regulate ␤1 integrin activation, cell adhesion, and early steps of cell spreading, possibly through a common mechanism.
Vimentin phosphorylation is required for ␤1 integrin expression, ␤1 integrin activity, and cell spreading. The phosphorylation of vimentin mediated by PKC-ε is an important regulatory step for ␤1 integrin trafficking and cell motility (23, 31) . We evaluated the role of PKC-mediated phosphorylation of vimentin in early cell spreading. Cells were treated for 90 min with BIM (1 M), which inhibits PKC-ε (31, 32), and plated on collagen-coated substrates. To verify the specificity of BIM as a PKC inhibitor, experiments were also performed with cells pretreated with calphostin C (100 nM). In BIM-and calphostin C-treated cells undergoing early spreading, there was decreased phosphorylation of vimentin at serines-6, -38, and -50, which are known PKC phosphorylation sites (2, 33, 55, 77) (Fig. 8C) . BIM-treated and calphostin C-treated cells also showed a significant (P Ͻ 0.05) reduction in the number of cell extensions (Fig. 5, A and C) compared with untreated controls. Notably, BIM-and calphostin C-induced effects on cell spreading were comparable in magnitude to those achieved by siRNA knockdown of vimentin (Fig. 5, A and C) . To further validate the use of BIM as an inhibitor of PKC-ε, we compared the phenotype of BIM-treated and calphostin C-treated cells to that of PKC-ε-deficient cells generated by siRNA knockdown (Fig. 5B) . PKC-ε-knockdown cells showed reduced numbers of cell extensions comparable to those observed in vimentinknockdown, BIM-treated, and calphostin C-treated cells (Fig.  5, A and C) . Although vimentin is not a direct substrate for PKC-ε (31), its phosphorylation is PKC-ε dependent. Therefore, these data indicate that the phosphorylation of vimentin mediated by PKC-ε may be one of the key regulatory steps involved in early cell adhesion and spreading.
PKC-ε-mediated vimentin phosphorylation is a critical determinant of cell surface ␤1 integrin expression (31) . Based on flow cytometric analysis, nonpermeabilized cells undergoing initial spreading showed less active and total cell surface ␤1 integrin following knockdown of filamin A and/or vimentin, BIM treatment, calphostin C treatment, or PKC-ε knockdown (Fig. 5, D-G) . These data suggest that the phosphorylation of vimentin attributable to PKC is an important determinant of cell surface ␤1 integrin expression and activation.
Filamin A binds vimentin directly in vitro and in spreading cells. As filamin A can bind PKC (22, 25, 69) , we considered that filamin A may mediate vimentin phosphorylation by interacting directly with vimentin. To investigate the nature of the filamin A-vimentin interaction, filamin A was immunoprecipitated from the lysates of spreading HEK-293 cells; the immunoprecipitates were subsequently blotted for vimentin (Fig. 6A) . We circumvented interference from the mouse im- munoglobulin heavy chain by using a chicken vimentin antibody for immunoblotting filamin A immunoprecipitates. Consistent with the ICAT data, which showed a small increase of vimentin-filamin A association in response to spreading (Table  1) , we found a small increase of filamin A-associated vimentin in spreading versus suspended cells by immunoprecipitation. These data suggest that filamin A-vimentin interactions are largely constitutive and are only moderately dependent on cell adhesion.
By dot-blot analysis we found that purified filamin A and vimentin may interact directly in vitro (Fig. 6B) . We explored the possibility of a direct interaction further using purified GST-tagged vimentin bound to glutathione beads and incubated the beads with purified FLAG-tagged filamin A (Fig. 6C). A direct filamin A-vimentin interaction was confirmed by immunoblotting the bead-associated proteins for filamin A. Conversely, purified vimentin associated with purified FLAGfilamin A bound to beads as detected by immunoblotting for vimentin (Fig. 6C) . Since the data showed that filamin A binds vimentin directly, we considered that filamin A may regulate the phosphorylation of vimentin by protein kinase C.
Filamin A is a determinant of vimentin phosphorylation and reorganization. Phosphorylation by PKC is required for the assembly and disassembly of vimentin filaments and its distribution in the cytoplasm (21, 33, 64) , processes that are known to affect cell adhesion and motility, possibly by regulating the recycling and trafficking of ␤1 integrins to the cell membrane (23, 31) . By immunofluorescence we found spatial colocalization of vimentin and PKC-ε (Fig. 7A) and that vimentin and ␤1 integrins colocalize in spreading control cells (Fig. 7, B and C) . This colocalization was disrupted after knockdown of filamin A or treatment with BIM to inhibit PKC (Fig. 7, D-F) . Moreover, the cytoplasmic distribution of vimentin was markedly different among filamin A-expressing, filamin A-deficient, and BIM-treated cells. Control cells exhibited a well-defined vimentin filament network throughout the cytoplasm, in which vimentin was present in cell extensions (Fig. 1A and Fig. 7A ). By contrast, in the cytoplasm of filamin A-deficient or BIMtreated cells, vimentin appeared as a single focal accumulation (Fig. 7, D and E) . These data are consistent with the notion that filamin A expression and PKC activity are both required for vimentin reorganization and redistribution.
We then directly evaluated a role for filamin A in PKCmediated phosphorylation of vimentin by examining the association between PKC and filamin A by coimmunoprecipitation (Fig. 8A) . Coimmunoprecipitation showed that filamin A associates with the phosphorylated form of vimentin as well as the phosphorylated form of PKC-ε (Fig. 8A) , which is notable since the catalytic activity of PKC-ε is regulated by its phosphorylation at serine-729 (10) . By coimmunofluorescence, we also found spatial colocalization of filamin A and PKC-ε in cells spreading for 30 min on collagen (Fig. 8B) .
We also evaluated the effect of filamin A knockdown on PKC-mediated phosphorylation of vimentin using phosphospecific antibodies to serine-6, serine-33, serine-38, and serine-50, four vimentin residues known to be phosphorylated by PKC (2, 33, 55, 77) . Knockdown of filamin A abrogated vimentin phosphorylation at serines-6, -38, and -50 in spreading cells (Fig. 8C) , but there was no detectable change of phosphorylation at serine-33 (data not shown). Filamin A-deficient cells showed lower levels of the phosphorylated, catalytically active form of PKC-ε (data not shown). These findings are consistent with the notion that filamin A is pivotal for PKC-mediated phosphorylation of vimentin. Notably, the phosphorylation of vimentin at serines-6, -38, and -50 was restored following pretreatment of filamin-knockdown cells with the PKC activator bryostatin (Fig. 8C) . Moreover, the impaired formation of cell extensions and reduced cell surface ␤1 integrin expression observed in filamin-deficient cells was reversed following bryostatin treatment (Fig. 9, A-F) .
DISCUSSION
Our major finding is that in spreading fibroblasts, filamin A binds to vimentin and acts as a scaffold for PKC-mediated phosphorylation of vimentin. These functions serve to regulate the activation of ␤1 integrins and their trafficking to the cell surface. The direct interaction between filamin and vimentin provides a novel mechanism by which the actin and intermediate filament cytoskeletons coregulate cell adhesion and spreading (Fig. 10) . Whereas the actin and intermediate filament cytoskeletons have distinct roles in regulating cell adhesion, spreading, and migration (30, 63, 72) , the functions of these two cytoskeletal systems may be interdependent (3, 13, 28, 39) . Proteins that bind both actin and intermediate fila- ments, such as plectin (62, 68) , BPAG1 (76), or fimbrin (16), may integrate the functions of these cytoskeletal systems. Our data provide a new mechanism in which the actin binding protein filamin A acts as linker between vimentin and actin filaments.
Filamin A colocalizes with vimentin (8) , and our data demonstrate that filamin A and vimentin bind directly in vitro. Furthermore, we found that the two proteins colocalize at the extensions of spreading cells, consistent with colocalization of filamin A and vimentin in tumor cell pseudopodia (35) . Because of the direct interaction between these proteins and their recognized roles in regulating cell motility (20, 36, 49, 66) , we investigated the possibility that filamin A and vimentin coregulate early events in cell spreading.
Filamin A and vimentin coregulate cell spreading. Cell spreading and migration require the formation of cell extensions such as filopodia and lamellipodia (29, 37, 44) . We quantified the formation of cell extensions and validated them as authentic filopodia/lamellipodia by immunostaining for vinculin, paxillin, and cortactin. Formation of these actin-rich cell extensions is mediated by ␤1 integrins, small GTPases, and actin-binding proteins (47, 79) such as filamin A, which binds actin filaments and regulates ␤1 integrin activity and small GTPases (6, 66, 71). We found that knockdown of filamin A and/or vimentin blocks the formation of cell extensions, consistent with reports of impaired migration in vimentin-deficient cells (20, 49) . Notably, knockdown of filamin A and vimentin inhibited cell spreading equivalent to cells in which either protein alone was knocked down, indicating that filamin A and vimentin may coregulate early processes in cell spreading.
We found that actin free barbed ends were reduced following knockdown of filamin A but not knockdown of vimentin. Unexpectedly, simultaneous knockdown of filamin and vimentin reduced free barbed end formation to a greater extent than knockdown of filamin alone, indicating that vimentin may contribute to actin assembly in the absence of filamin A. Vimentin associates with PAK, a protein that regulates actin free barbed end formation through the LIM kinase-cofilin pathway (12, 27) . As mutation of vimentin's PAK-binding site inhibits PAK activation (46) , vimentin may play a role in PAK activation and actin free barbed end formation. However, our data show that vimentin does not affect free barbed end formation independent of filamin A, and that knockdown of vimentin does not affect the binding between filamin A and Rac or Cdc42, the small GTPases responsible for filopodia and lamellipodia formation (54) . Collectively, these data suggest that the filamin A-vimentin interactions do not affect actin assembly directly but instead may regulate ␤1 integrin function at an upstream point in the cell spreading process.
Filamin A and vimentin coregulate ␤1 integrin expression and activation. At early stages of cell spreading and migration, cell surface ␤1 integrins are endocytosed and are ultimately trafficked back to the plasma membrane (19, 38, 65) . As the abundance and activation of cell surface integrins are important factors in cell adhesion and spreading (29), we considered that filamin A and vimentin may regulate ␤1 integrin activation in spreading. ␤1 Integrin activation assays indicated that initial ␤1 integrin-ligand binding was dependent on the presence of both filamin A and vimentin. Consistent with the cell spreading data, ligand-bound ␤1 integrins were reduced equivalently after knockdown of filamin A, vimentin, or both proteins. Thus filamin A and vimentin may coregulate ␤1 integrin activation. Immunoblots of focal adhesion proteins showed that filamin A and vimentin are both required for the recruitment of vinculin and paxillin to focal adhesions. Whereas other studies have shown the importance of vimentin for cell adhesion (20, 53, 70) , we have identified filamin A as a novel regulator of this process. Whereas previous reports suggest that cell surface expression of ␤1 integrins is influenced by filamin A (51) or vimentin (53, 61) , our data indicate that filamin A and vimentin coregulate ␤1 integrin trafficking, ␤1 integrin activation, cell adhesion, and cell spreading.
Vimentin phosphorylation by PKC is required for ␤1 integrin activity and cell spreading. PKC-ε-mediated vimentin phosphorylation, ␤1 integrin recycling, and directed cell migration may be linked processes (31) , but the role of vimentin phosphorylation in regulating early cell spreading is not defined. We found that vimentin knockdown and inhibition of PKC prevented the formation of cell extensions and reduced ␤1 integrin-ligand binding and cell surface ␤1 integrins. Furthermore, cell extensions in early stages of spreading were enriched with filamin A, vimentin, and PKC-ε. Thus filamin A, vimentin and phospho-vimentin may share a common pathway in regulating cell spreading. Since ␤1 integrins associate with filamin A (40, 48) and with vimentin (31, 43) while filamin A associates with PKC (25, 69), we considered that filamin A controls the activity of ␤1 integrins and cell spreading by regulating the phosphorylation of vimentin, which is mediated by PKC.
Filamin A is required for PKC-mediated vimentin phosphorylation. We found a close spatial relationship between filamin A and PKC, consistent with the notion that filamin A is a substrate for PKC (25, 69) . We showed that the catalytically active, phosphorylated form of PKC-ε coimmunoprecipitated with filamin A, which is important since the PKC-ε isoform is essential for integrin recycling (31) . Furthermore, we found that knockdown of filamin A inhibits vimentin phosphorylation at serines-6, -38, and -50, which are known PKC targets (2, 33, 55) . Whereas these data do not show a direct interaction between filamin A and PKC-ε, they strongly point to a role for filamin A in mediating vimentin phosphorylation by PKC. Moreover, knockdown of filamin A prevented translocation of vimentin to the cell periphery; the same result was observed following inhibition of PKC by BIM. These data are consistent with a model in which phosphorylation by PKC-ε is required for vimentin reorganization and for the trafficking of ␤1 integrins to the cell membrane (31) . Our study extends their findings by demonstrating that filamin A regulates this pivotal phosphorylation step. We conclude that filamin A, vimentin, and PKC regulate ␤1 integrin activity, cell adhesion, and the formation of early cell extensions as a result of the binding of filamin A to vimentin.
